Bedfordshire, MK430AL,UK 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  611  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 indicators have been employed to facilitate comparisons with other reported values in 92 literature. The aim of this study is to assess whether the pollutants load of SRF 93 derived fly ashes is lower than the equivalent values reported in literature, from 94 conventional waste fuels, and/ or traditional waste thermal treatment applications. 95 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 particles from previous trials. Furthermore, it was operated overnight, burning natural 116 gas for decontamination and start-up purposes. The rig was monitored by 19 K-type 117 thermocouples, CO, CO 2 , and O 2 online gas monitoring systems. The SRF incoming 118 flow slightly varied throughout the trial with a mean value of 117g min -1 and a lambda 119 coefficient equal to 1.6. The duration of the test was 300 minutes and the bed 120 temperature was at 800 ± 20 o C. The rig and the ashes sampling points are illustrated 121 in Figure 1 . Detailed information on the experimental conditions are reported in 122 previous work (Balampanis et al., 2008) . 123 <<Figure 1>> 124
Analysis 125

Inorganic chlorine & chlorobenzenes 126
After the experiment, the rig was disassembled and the mixed silica sand/ bed ash 127 were collected, weighted, and emptied to a tank with deionised water. The tank was 128 mechanically agitated for 3 hours and 6 replicate samples were taken, centrifuged and 129 filtrated. The horizontal chamber and cyclone ash were collected separately in clean 130 pre-weighted vacuum bags. Ashes sampled from the horizontal chamber 131 (approximate size <1.2 mm) and ashes sampled from the cyclone (approximate size < 132 200 μm) (Figure 2 ) will be referred herein and after, as coarse fly ash and fine fly ash, 133 respectively, according to the literature definitions (IAWG, 1997; Quina et al., 134 2008a) . Six replicates of a gram each, of coarse and fine fly ash were diluted in 250 135 mL of deionised water and agitated for three hours. The mix was centrifuged and 136 decanted and the filtrate was stored in polypropylene bottles, at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 For the determination of Cl 5 Bz and Cl 6 Bz the following procedure was employed. 140
Seven replicates of each ash type were spiked with extraction standards (800ng mL -1 141 1,3,5-tribromobenzene in toluene) and then digested with 100mL of 2M HCl. The mix 142 was separated using vacuum filtration, and the cakes were washed with deionised 143 water to reduce acidity, air-dried for 12h, and then extracted with Soxhlet using 144 200mL of toluene for 20h. The aqueous solutions were extracted three times with 145 100mL of dichloromethane per litre of solution, and the solvent extracts were washed 146 twice with deionised water for pH adjustment (50% v/v for the vessels to cool down. The mixture was then filtered using 0.45µm Whatman 180 cellulose filter papers and diluted with ultra pure (MilliPore) water, to a fixed volume 181 of 100 mL. 182
Method B was performed exactly as method A, but with a different acid mix: 5 mL of 183 nitric acid and 3mL of hydrogen peroxide (100 volumes). Method C was performed 184 exactly as method A, with the difference that ultrasonic waves were applied through a 185 600W probe (Langford Ultrasonics-Sonomatic), to test whether ultrasonication could 186 enhance the digestion reactions. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Method D was tested on 7 CRM replicates of 3 ± 0.001g each, and a method blank. 188
Twenty one mL of concentrated hydrochloric acid (12 M) were added in 250mL 189 reaction flasks, followed by 7 mL of nitric acid. The mix was allowed to oxidise at 190 room temperature for 16h, and then heated to reflux conditions for 2h. After cooling 191 down, it was filtered (0.45 µm Whatman cellulose filter papers) and made up to 100 192 mL using ultra pure water. All chemicals were trace analysis grade and purchased 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 values ranged between 9± 3.9 ng g -1 for coarse, and 15± 2.8 ng g -1 for fine fly ash 229 while the equivalent Cl 6 Bz values ranged between 3.3± 2.8 ng g -1 , and 8± 2 ng g -1 ,1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 respectively. These figures correspond to the lower range of reported values on 231 organochlorides within the literature as it will be discussed at a later stage (section 232 4.4). 233 <<Figure 2>> 234
Heavy Metals 235
The four HF-free fly ash digestion methods were compared for their recoveries of the 236 CRM and the results are reported in Figure 4 . The overall recoveries ranged between 237 59% and 94%, except from Cr which ranged at lower levels ca. 19-38%. A one way 238 ANOVA at a confidence interval of 95%, confirmed that there was no single method 239 that significantly recovered higher amounts for the whole range of the examined 240 metals. However, some exceptions were found in method A, which recovered 241 significantly higher quantities of Pb, and in the aqua regia method (D), which 242 recovered lower amounts of Cu, Cd and Pb. Furthermore, neither the addition of H 2 O 2 243 in the digestion vessels, or ultrasonication as post-digestion treatment, improved the 244 recovery of the metals. Thus, single step HNO 3 MWAD proved sufficient for the 245 solubilisation of heavy metals in waste derived fly ashes, as reported in older studies 246 (Mester et al., 1999; Quina et al., 2008b) . 247 <<Figure 3>> 248
The fly ashes were further analysed for their content in Cu, Cr, Ni, Pb, Cd, and Zn 249 using method A and the results are presented in Figure 5 . Coarse fly ash contained 250 higher Cu, Pb and Zn quantities than the fine fly ash fraction, which had higher Cr 251 and Ni contents. The Cd values were relatively low ranging at 3.6± 0.6 mg kg -1 and 252 7.3± 0.2 mg kg -1 for fine and coarse fly ash, respectively. Finally, it should be noted 253 that the actual concentration of Cr in both ash types could be higher than the ones1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 presented in Figure 5 , as the HF free digestion method used gives a relative poor 255 recovery of the element according to the CRM recovery values. 256 <<Figure 4>> 257
Minerals and carbon 258
The rough (%wt >1) composition of the elements in the ashes, as recognised in SEM-259 EDS analysis is presented in Table 3 . Calcium, silicon, aluminium, chlorine, sodium, 260 potassium, iron, sulphur, and phosphorus were the most common elements, besides 261 carbon, which ranged at 8.6± 0.1 % and 9.6± 0.2 % for the coarse and fine fly ash, 262
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